INTRODUCTION
The establishment and maintenance of cell polarity requires efficient targeting mechanisms for the selective localization of proteins, and recent investigations have revealed evolutionarily conserved pathways in organisms as diverse as yeast, nematodes, insects, and mammals (Le Gall et al., 1995; Drubin and Nelson, 1996; Caplan, 1997; Ponting, 1997; Yeaman et al., 1999; . In higher organisms, elements of these pathways are essential to the function of polarized cells, such as neurons and epithelia, but are also found in less polarized cell types, such as fibroblasts (Craig and Banker, 1994; Keller and Simons, 1997; Cereijido et al., 1998) . It has been difficult to determine the precise sequence of events leading to cell polarization, but it is generally believed that polarization is initiated as a response to spatial cues, such as cell adhesion, followed by the organization of the cytoskeleton, after which specific protein targeting acts to reinforce and/or maintain the polarized state (Yeaman et al., 1999) .
Several general mechanisms for the localization of proteins have emerged, which can be separated into direct and indirect pathways (Mostov et al., 2000) . The direct pathway includes mechanisms governing protein delivery to the plasma membrane as well as modes of retention at those sites. Indirect mechanisms include endosomal recycling and transcytosis. Many of these mechanisms rely upon proteinprotein interactions directed by discrete signal peptides present on the targeted proteins themselves (Mellman and Warren, 2000; Mostov et al., 2000) . For example, dihydrophobic repeats, tyrosine-containing peptides, and other motifs that form a structure referred to as a tight ␤-turn are found in the cytoplasmic domain of some basolateral proteins, whereas N-glycosylation of lumenal domains or glycophosphoinositol anchoring are often associated with apical targeting. Some of the effectors of protein targeting have also been tentatively identified, such as the 1b clathrin adaptor associated with basolateral targeting of some proteins in epithelial cells (Folsch et al., 1999; Ohno et al., 1999) , or the proteins of the exocyst complex, initially identified in yeast, which govern vesicle docking and fusion at the basolateral plasma membrane in mammalian cells (Grindstaff et al., 1998) .
Much recent research has focused on proteins containing PDZ (PSD-95, Discs Large and Zona Occludens-1) domains, which bind to the carboxyl terminus of their target proteins (Songyang et al., 1997; Fanning and Anderson, 1998) . Proteins containing PDZ domains are important during many stages of the establishment and maintenance of cell polarity, serving as scaffolds for the organization of protein complexes involving cytoskeletal proteins, adhesion molecules, and transmembrane receptors (Kim, 1997; Fanning and Anderson, 1998; Fanning and Anderson, 1999; Garner et al., 2000) . Some examples include basolateral targeting of ErbB-2/Her-2 in mammalian epithelia by Erbin , organization of adherens junctions in Caenorhabditis elegans by LET-413 (Legouis et al., 2000) , apical targeting in Drosophila sp. by Scribble , and the clustering of ion channels and receptors at neuronal synapses by PSD-95 and other membrane-associated guanylate kinases (Kornau et al., 1997; Sheng and Wyszynski, 1997; Fanning and Anderson, 1999; Garner et al., 2000) .
We have continued our investigation of the LIN-7/LIN-2/LIN-10 protein complex, originally identified as important for the basolateral localizaton of the receptor tyrosine kinase LET-23 in vulval precursor cells of C. elegans (Simske et al., 1996; Kaech et al., 1998) . The mammalian orthologs to these C. elegans proteins, identified as mLin-7/VELIS/ MALS, mLin-2/CASK, and mLin-10/X11/Mint, also form a protein complex in mammalian neuronal cells, but only mLin-7 and mLin-2 interact in cells of epithelial origin (Hata et al., 1996; Borg et al., 1998; Butz et al., 1998; Jo et al., 1999; Irie et al., 1999) . The L27 domain in the amino-terminal half of mLin-7 binds to mLin-2/CASK, an interaction also required for the localization of mLin-7 to the basolateral membrane of Madin-Darby canine kidney (MDCK) cells (Doerks et al., 2000; Straight et al., 2000) . The PDZ domain of mLin-7 binds to the carboxyl termini of two basolateral proteins, the receptor-tyrosine kinase LET-23 in C. elegans and the transporter protein BGT-1, found in mammalian kidney epithelial cells (Simske et al., 1996; Perego et al., 1999; Straight et al., 2000) . The interaction of mLin-7 with BGT-1 seems to be involved in the basolateral retention of BGT-1, whereas other targeting signals are responsible for the initial delivery to the basolateral membrane (Perego et al., 1999) .
Herein we describe our efforts to elucidate the mechanism by which interaction with the mLin-7 PDZ domain targets proteins to the basolateral plasma membrane domain of epithelial cells. Because known mLin-7 PDZ domain partners, such as BGT-1, are complex proteins possessing multiple intrinsic targeting signals, we sought to simplify our system. Therefore, we isolated the role of mLin-7 PDZ binding from extraneous basolateral targeting signals by creating receptor protein chimeras consisting of a truncated nerve growth factor receptor/P75 (NGFR/P75) fused to the carboxyl terminus of LET-23. These chimeras, in combination with mLin-7 mutant proteins, were used in the examination of several modes of direct and indirect protein targeting in MDCK cells. These assays revealed that interaction with the mLin-7 PDZ domain does not influence delivery of proteins to the plasma membrane, but does play a role in basolateral retention. Most intriguingly, however, our results suggest that mLin-7 also plays an active role in protein localization as a basolateral targeting effector within the sorting endosome to target proteins to the basolateral plasma membrane.
MATERIALS AND METHODS

DNA Constructs
The cloning of mouse mlin-7 cDNA, as well as the creation of the Myc epitope-tagged mLin-7 constructs (pRK5Myc-mLin-7WT, pRK5Myc-mLin-7N [amino acids 1-92] and pRK5Myc-mLin-7PDZ [amino acids 79 -197] ) used in this investigation, have been described previously (Borg et al., 1996 (Borg et al., , 1998 Straight et al., 2000) . The cloning of human mlin-2 was described previously (Borg et al., 1998) . The plasmid pcDNA-3HA-mLin-2 was created by inserting three influenza virus hemagglutinin epitopes (YPYDVPDYA) in frame with the amino terminus of mLin-2 that had been cloned into the pcDNA3 (Invitrogen, Carlsbad, CA) backbone. The plasmid pCMV5A-P75, which contains the full-length human NGFR/P75 (Johnson et al., 1986) , was used as a template for polymerase chain reaction with the oligonucleotide primers P75RVRI (5Ј-GGAAGTCGAGCGATATCGCGGAATTCGGGCGATGGGGG-3Ј) and P75BamStopHind (5Ј-GCTGTTGGCTCCAAGCTTGTT-TCAGGATCCGCTGTTCCACG-3Ј). This polymerase chain reaction product was subcloned into the EcoRI and HindIII sites of plasmid pcDNA3.1/Zeo(Ϫ) (Invitrogen) to create the truncated protein construct pP75t, which expresses amino acids 1-306 of the human NGFR/P75. Complimentary oligonucleotides encoding the carboxyl-terminal amino acids of C. elegans LET-23 and appropriate 5Ј and 3Ј overhangs suitable for subcloning into the BamHI and HindIII sites of pP75t were generated to create the chimeric constructs pP75t-Let23WT and pP75t-Let23MUT. The oligonucleotides used in the generation of pP75t-Let23WT were 5Ј-GATCCGTTCAATAT-GAAAATGAAGAAGTATCACAAAAGGAAACTTGTCTTTAAA-3Ј and 5Ј-AGCTTTTAAAGACACGTTTCCTTTTGTGATACTTCTTC-ATTTTCATATTGAACG-3Ј. The oligonucleotides for the generation of pP75t-Let23MUT were 5Ј-GATCCGTTCAATATGAAAATGAA-GAAGTATCACAAAAGGAAACTTGTTAAA-3Ј and 5Ј-AGCTTTTA-ACACGTTTCCTTTTGTGATACTTCTTCATTTTCATATTGAACG-3Ј. The complimentary oligonucleotides were annealed, digested with appropriate restriction enzymes, and ligated in frame to pP75t for expression in mammalian cells. The correct sequence of all constructs was confirmed by automated sequencing at the University of Michigan DNA Sequencing Core.
Cell Culture and Transfection
Human embryonic kidney 293 (HEK293) and MDCK cells were grown in DMEM (Life Technologies, Grand Island, NY) containing 100 U/ml penicillin and 100 g/ml streptomycin sulfate, supplemented with 10% fetal calf serum.
HEK293 cells, seeded the day before at 10 5 /10-cm dish were transiently transfected with 5-10 g of DNA by using calcium phosphate (Chen and Okayama, 1987) . Forty-eight hours after transfection the cells were surface biotinylated (as described below for MDCK cells on filters, by using appropriately larger reagent volumes) before the collection of lysates. Clonal cell lines were derived from MDCK cells stably transfected with DNA by using FuGENE 6 transfection reagent (Roche Molecular Biochemicals, Indianapolis, IN) followed by 10 -14 d of selection with Geneticin/G-418 (600 g/ml active; Life Technologies) or Zeocin (200 g/ml; Invitrogen). The Geneticin-resistant cell lines expressing Myc-tagged mLin-7 constructs (described in Straight et al., 2000) were also transfected with pP75t-Let23WT and pP75t-Let23MUT as described above.
For most experiments, MDCK cells were seeded at high density onto 12-or 24-mm Transwell membrane filters (0.4-m pore size; Corning Costar, Cambridge, MA) and grown 5-7 d at confluence to form a polarized monolayer. The formation of properly polarized monolayers by the MDCK cell lines used in these studies was determined by immunofluorescence with anti-ZO-1 (Zymed, San Francisco, CA) and anti-E-cadherin (Sigma Chemical, St. Louis, MO), as well as by assessing monolayer integrity with a [ 3 H]inulin permeability assay (Caplan et al., 1986) .
Antibodies
The generation, affinity purification, and characterization of the anti-mLin-7 antibody (UM199) used in some applications were described in Straight et al. (2000) . The generation and use of antimLin-2 antisera (UM195 and UM196) was described in Borg et al. (1998) . The mouse hybridoma cell line ME20.4 was obtained from American Type Culture Collection (Rockville, MD) and injected into mice for the production of ascites fluid containing monoclonal antibody to NGFR/P75, which was used for immunoprecipitation and immunostaining. The anti-Myc monoclonal antibody (clone 9E10) was used for imunoprecipitation, immunostaining, and immunoblotting. The anti-hemagglutinin (HA) monoclonal antibodies 3F10 and 12CA5 (both obtained from Roche Molecular Biochemicals) were used for immunoprecipitation and immunoblot, respectively. Affinity-purified rabbit polyclonal anti-ZO-1 antibodies and rat anti-uvomorulin/E-cadherin monoclonal antibodies used for control immunostaining were purchased from Zymed and Sigma Chemical, respectively. Fluorochrome-conjugated secondary antibodies used in immunostaining procedures were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA) and Molecular Probes (Eugene, OR).
Immunostaining of MDCK Cells and Confocal Microscopy
For simple immunostaining, cells grown on 12-or 24-mm Transwell filters were washed with phosphate-buffered saline (PBS) and then fixed with 4% formaldehyde/PBS and permeabilized with 0.1% Triton X-100/PBS. After blocking 1 h with goat serum, the cells were incubated with primary antibodies diluted in 2% goat serum/PBS (affinity-purified anti-mLin-7 at 1:100, anti-Myc at 1:400, anti-ZO-1 at 1:400, and anti-E-cadherin at 1:1600, anti-P75 1:1000) in a humidified chamber for 2 h to overnight at 30°C. After washing three times with 2% goat serum/PBS, the cells were incubated with secondary antibodies coupled to fluorescein isothiocyanate (FITC), Cy3, Cy5, or Texas Red (diluted at 1:500 in 2% goat serum/PBS) for 2 h in a humidified chamber at 30°C. The specificity of all antibodies was determined from appropriate positive and negative control immunostaining.
Basolateral retention of chimera proteins was examined by secondary antibody capture. MDCK cell lines on 12-mm Transwell filters were incubated 1-2 h on ice with growth medium buffered with 25 mM HEPES, pH 7.2 and containing anti-P75 (5 l of ascites/ ml) at the basolateral side. Unbound antibody was removed by extensively washing with ice-cold wash buffer (DMEM, 5% bovine serum albumin, 25 mM HEPES, pH 7.2). Cells were then incubated at 37°C in growth medium buffered with 25 mM HEPES, pH 7.2 and containing goat anti-mouse IgG-Texas Red (5 l/ml) at the apical side to capture antibody-protein complexes reaching the apical side. Cells were washed to remove unbound capture antibody, fixed and permeabilized, and then the remaining uncoupled primary antibody at the basolateral side was immunostained with goat anti-mouse IgG-FITC. Negative controls included cells that were not prebound with anti-P75 antibody.
To examine endocytic sorting of internalized chimera protein, MDCK cell lines on 12-mm Transwell filters were incubated 1-2 h in ice-cold growth medium buffered with 25 mM HEPES, pH 7.2 to prebind anti-P75 (5 l of ascites/ml) to the apical side. Unbound antibody was removed by extensively washing with ice-cold wash buffer, and the cells were then incubated at 37°C in growth medium for 0 -2 h to allow trafficking to occur. At the appropriate time, cells were fixed, permeabilized, and stained with secondary antibodies. Some filters were also costained for mLin-7 by using appropriate antibodies. Either nocodazole {20 g/ml, methyl(5-[2[thienylcarbanyl]-1H-benzimidazol-2yl)carbamate}, chloroquine (25 M), or leupeptin (10 g/ml) were sometimes present during the course of the experiment. These reagents were acquired from Sigma Chemical.
For examination, all filters were cut from their plastic casing with a scalpel and mounted on glass slides with ProLong antifade reagent (Molecular Probes). Preliminary examination of immunostained cells was performed on an Olympus BX60 fluorescent microscope and digital images were taken with a SPOT chargecoupled device camera (Diagnostic Instruments, Los Angeles, CA). Confocal laser-scanning microscopy was performed at the Morphology and Image Analysis Core of the University of Michigan Diabetes Research Center by using a Nikon Diaphot 200 microscope paired with a Noran laser and InterVision software (Noran Instruments, Middleton, WI) on a Silicon Graphics workstation (IRIX version 6.5). Typically, 20 -30 serial images were taken in 0.5-m steps, beginning 1-2 m below the focal plane of the bottom of the cell monolayer and proceeding upward to 1-2 m above the top of the monolayer. Adobe Photoshop (Adobe Systems, San Jose, CA) was used to compress grayscales, overlay channels, and otherwise prepare the digital images for presentation.
Lysis, Precipitation, and Immunoblot
Lysates for precipitation experiments were prepared from transfected HEK293 or MDCK cell lines grown on 10-or 15-cm tissue culture dishes as described (Borg et al., 1996) . Briefly, cells were washed twice with cold PBS and lysed on ice in 1 ml of lysis buffer (50 mM HEPES [pH 7.5], 10% glycerol, 150 mM NaCl, 1% Triton X-100, 1.5 mM MgCl 2 , 1 mM EGTA) supplemented with 1 mM phenylmethylsulfonylfluoride, 10 g/ml aprotinin, 10 g/ml leupeptin, 100 mM NaF, 10 mM Na 4 P 2 O 7 , and 200 M Na 3 VO 4 . The lysates were cleared by centrifugation at 16,000 ϫ g for 20 min at 4°C to remove insoluble debris. For immunoprecipitation, 0.5 ml of lysate from HEK293 or 1.0 ml of lysate from MDCK was incubated with appropriate antibody (anti-Myc, 3-5 l of ascites; anti-mLin-2, 5-10 l of serum; anti-P75, 5-10 l of ascites; anti-HA, 5 l) overnight at 4°C. Protein G-Sepharose CL4B (for anti-HA; Zymed) or protein A-Sepharose CL4B (for all other antibodies; Zymed) and, for anti-P75 only, rabbit anti-mouse IgG (Sigma Chemical) were added and immune complexes were recovered after 1 h, and then washed three times with HNTG buffer (50 mM HEPES pH 7.5, 10% glycerol, 150 mM NaCl, 0.1% Triton X-100). An exception was made for Myc-mLin-7/P75t-Let23 complexes from transfected HEK293 cells, which were washed with a less stringent buffer containing only 50 mM HEPES pH 7.5 and 10% glycerol. Proteins were eluted by boiling in 1ϫ SDS-sample buffer (with ␤-mercaptoethanol), separated by SDS-PAGE, and transferred to nitrocellulose. Precipitated proteins were detected by immunoblot with appropriate primary antibodies, followed by incubation with sheep anti-mouse Ig-horseradish peroxidase (HRP) (Amersham Pharmacia Biotech, Arlington Heights, IL) or protein A-horseradish peroxidase (Kirkegaard and Perry Laboratories, Gaithersburg, MD), as appropriate. The immunoreactive proteins were revealed by incubation with the Renaissance chemiluminescence reagent (PerkinsElmer Life Science Products, Boston MA), followed by exposure to X-OMAT Blue XB-1 autoradiography film (Eastman Kodak, Rochester, NY).
Cell-Surface Biotinylation
MDCK cell lines on 24-mmTranswell filters were selectively biotinlyated at either the apical or basolateral cell surface (Sargiacomo et al., 1989; Gottardi et al., 1995) . Briefly, cells were washed with ice-cold Ringer's solution pH 9.0 and then incubated with freshly dissolved NHS-SS-biotin (300 g/ml; Pierce, Rockford, IL) for 30 min on ice. The biotinylation reaction was quenched by extensively washing with Tris-saline. The cells were lysed in 1 ml of lysis buffer, precipitated with anti-P75, separated by SDS-PAGE, and transferred to nitrocellulose as described in the previous section. Biotinylated proteins were detected with avidin-horseradish peroxidase (Pierce) and chemiluminescence.
Alternatively, cells biotinylated apically were used for primary antibody capture to examine endocytic sorting. After quenching the biotinylation reaction, cells were incubated 3 h at 37°C in growth medium buffered with 25 mM HEPES, pH 7.2 and containing antiEndocytic Sorting by mLin-7
Vol. 12, May 2001P75 (10 l of ascites/ml) at the basolateral side to capture biotinylated protein. After several washes with wash buffer (DMEM, 5% bovine serum albumin, 25 mM HEPES, pH 7.2) to remove unbound antibody, cells were lysed and the antibody-bound proteins were precipitated and prepared for detection with avidin-HRP as described above. Control precipitations were also performed with anti-P75 added directly to lysates to determine the total biotinylated chimera protein present.
S-Labeling
To determine the site of initial delivery of chimera protein to the plasma membrane, MDCK cells on 24-mm Transwell filters were incubated 2 h in methionine-free DMEM (Life Technologies, Grand Island, NY) supplemented with 10% dialyzed fetal bovine serum.
Cells were then pulse-labeled for 1 h at 37°C by the addition of 250 Ci/ml 35 S-Easytag Express label (PerkinElmer Life Science Products). Unincorporated label was washed away and cells were incubated at 37°C for 3 h in complete growth medium containing anti-P75 (10 l of ascites/ml) at either the apical or basolateral side. Unbound antibody was washed away and then cells were lysed and the antibody-bound proteins were precipitated as described above. Control precipitations were also performed with anti-P75 added directly to lysates to determine the total labeled chimera protein present. Precipitated proteins were separated by SDS-PAGE, and the gel was fixed in 30% methanol/10% acetic acid, soaked 30 min in Amplify (Amersham Pharmacia Biotech), and dried. Densitometry was performed using a Molecular Dynamics laser scanner model HEK293 cells were transfected with plasmids as follows: lanes A, pRK5Myc-mLin-7 plus pP75t-Let23WT; lanes B, pRK5Myc-mLin-7 plus pP75t-Let23MUT; lanes C, pRK5Myc-mLin-7 plus pcDNA-3HA-mLin-2. Forty-eight hours after transfection, cells were surface biotinylated, and then lysates were collected for immunoprecipitation with anti-P75 or anti-HA antibodies, as indicated. Precipitated proteins were separated by 10% SDS-PAGE, transferred to nitrocellulose, and the membrane was probed with avidin-HRP (to detect surface biotinylated P75t-Let23), anti-HA, or anti-Myc antibodies. The input lanes contain approximately one-tenth the amount of HEK293 lysate used in the precipitation experiments. The arrows indicate the relevant bands on the immunoblots. Relative molecular weight is shown to the right in kilodaltons.
Figure 2. Differential localization of the receptor chimeras correlated with their ability to bind to mLin-7. Shown in A are the results of a cell-surface biotinylation experiment to determine the steadystate localization of the P75t constructs. Stable MDCK cell lines expressing P75t, P75t-Let23WT, or P75t-Let23MUT were grown as confluent monolayers on Transwell polycarbonate filters and selectively labeled at the apical or basolateral side with biotin. Lysates were collected and immunoprecipitation performed with anti-P75 antibodies. The precipitates were separated by 10% SDS-PAGE, transferred to nitrocellulose, and probed for biotinylated proteins by using avidin-HRP. Relative molecular weight is shown to the left in kilodaltons. An arrow indicates the relevant band. (B) Same cell lines used above were stained with anti-P75 antibodies and secondary antibodies coupled to fluorochromes, and then examined by confocal laser-scanning microscopy. The top panels show digital photomicrographs (the X-Y dimension of the Z-series), whereas the bottom panels show the X-Z dimension (Z-section). The arrows next to the top panels indicate the plane through which the Z-sections were taken. The apical (Ap) and basolateral (Bl) sides are indicated next to the Z-sections. Bars, 20 m.
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STORM860 and ImageQuant Software (Molecular Dynamics, Sunnyvale, CA). Each sample was prepared in triplicate (n ϭ 3) so that SD from the means could be determined.
The rate of degradation of chimera protein was determined using a pulse-chase protocol. Briefly, MDCK cell lines grown to confluence on 10-cm tissue culture dishes were methionine-starved and pulse-labeled for 1 h with [
35 S]methionine as described in the delivery experiment above. Unincorporated label was washed away and cells were incubated at 37°C for 0 -24 h in complete growth medium, after which the cells were lysed and proteins were precipitated with anti-P75 (10 l of ascites) as described above. Precipitated proteins were separated by SDS-PAGE, the gel was fixed, soaked in Amplify, and dried. Densitometry was performed as described above. Figure 1A presents a schematic representation of the NGFR/ P75-Let23 chimeras created for these investigations. The NGFR portion of these constructs was truncated at Ser306, five amino acids after the transmembrane domain, and thus lacks the entire cytoplasmic domain of the NGFR/P75. This truncation of NGFR/P75 prevents activation of a cell-signaling cascade, and the truncated receptor was previously shown to localize to the apical domain of MDCK cells (Le Bivic et al., 1991) . Furthermore, NGFR/P75 is nonnative to MDCK cells, not expressed in epithelial cells, and antibodies to the extracellular domain are available. The coding region for the first 306 amino acids of the human NFGR/P75 was ligated to oligonucleotides encoding the carboxyl-terminal 15 amino acids of LET-23 to form the wild-type construct P75t-Let23WT. P75t-Let23MUT was also created, which contained a mutant carboxyl terminus that deleted the terminal leucine residue of LET-23, thus destroying the mLin-7 PDZ binding site. The coprecipitation of Myc-mLin-7 with P75t-Let23WT, but not with the mutant-tailed P75t-Let23MUT expressed at similar levels, clearly demonstrated the specificity of interaction of the wild-type chimera with mLin-7 ( Figure 1B) . The coprecipitation of Myc-mLin-7 with HAmLin2 is shown as positive control.
RESULTS
After determining that our chimeras interacted with mLin-7 in the predicted manner, we examined the localization of these constructs in MDCK cell lines generated by transfection. Primary examination of the these cell lines by immunostaining for E-cadherin and ZO-1, proteins present at adherens junctions and tight junctions, respectively, showed that these cell lines were morphologically indistinguishable from parental MDCK cells, forming monolayers of tall, columnar epithelial cells (our unpublished results). Similarly, [
3 H]inulin permeability assays demonstrated the formation of intact tight junctions in these cell lines (our unpublished results).
Previously, the NGFR/P75 truncated at Ser306 was reported to localize apically in MDCK cells (Le Bivic et al., 1991) . Initial results obtained by cell-surface biotinylation of polarized monolayers of MDCK cell lines are shown in Figure 2A . Immunoprecipitation of NGFR/P75 from cells selectively biotinylated at either the apical or basolateral side confirmed the primarily apical distribution for the truncated receptor alone (P75t). This primarily apical distribution was not significantly changed by the addition of the mutant tail (P75t-Let23MUT), but the addition of the wild-type tail (P75t-Let23WT), which was able to bind mLin-7, resulted in a significant redistribution of the chimera to the basolateral side of the monolayer.
Similar basolateral redistribution of P75t-Let23WT was observed by examination of these cells via immunofluorescence ( Figure 2B ). Confocal microscopy showed P75t-Let23WT localized to both the apical and basolateral domains of MDCK cells, whereas P75t-Let23MUT was primarily restricted to the apical domain. Furthermore, the basolateral localization of P75t-Let23WT coincided with the immunolocalization of mLin-7 (our unpublished results). These experiments demonstrate that interaction with mLin-7 correlates with the significant redistribution of an apical receptor protein to the basolateral plasma membrane domain.
To support the hypothesis that binding to mLin-7 was responsible for this redistribution, the receptor chimeras were transfected into MDCK cell lines expressing mutant Myc-tagged mLin-7 constructs. The resulting cell lines were examined by confocal microscopy (Figure 3) . The coexpression of Myc-mLin-7WT, the full-length mLin-7 protein, did not interfere with the basolateral distribution of P75t-Let23WT, and in fact seemed to further shift localization from apical to basolateral ( Figure 3A) . However, the MycmLin-7 mutant proteins Myc-mLin-7N and Myc-mLin-7PDZ acted as dominant interfering inhibitors of basolateral localization, resulting in a predominantly apical distribution of P75t-Let23WT (Figure 3 , B and C). Myc-mLin-7N was able to bind to mLin-2 ( Figure 4A ) and competed with endogenous mLin-7 for binding to endogenous mLin-2 in this cell line ( Figure 4B ). This competition would likely result in the mislocalization of endogenous mLin-7 in these cells, because binding to mLin-2 is required for localization of mLin-7 to the basolateral surface . The overexpression of Myc-mLin-7N, as well as Myc-mLin-7WT, also appeared to decrease the expression of endogenous mLin-7 ( Figure 4B ), likely exacerbating the inhibitory effects of MycmLin-7N on mLin-7-mediated localization. Myc-mLin-7PDZ did not bind to mLin-2 ( Figure 4A ) but was expressed far in excess of the amount of endogenous mLin-7 present ( Figure  4B ). Previously, this mutant protein was shown to be distributed throughout the cytoplasm , conceivably interfering with the ability of P75t-Let23WT to bind endogenous mLin-7 and properly localize. The apical localization of P75t-Let23MUT was not significantly altered in cells expressing any of the Myc-tagged mLin-7 constructs (our unpublished results). These results reaffirm that interaction with full-length mLin-7 was required for the basolateral localization of P75t-Let23WT.
Next, we wished to discern the means by which mLin-7 was acting to effect basolateral targeting. To this end, we performed experiments to examine three mechanisms of protein targeting: differential delivery to the plasma membrane, specific retention at membrane domains, and endocytic sorting or transcytosis. The delivery of newly synthesized chimera proteins was examined by capturing pulselabeled proteins with anti-P75 antibodies at either the apical or basolateral side of MDCK cell monolayers. With this method, the delivery of P75t-Let23WT and P75t-Let23MUT to the apical and basolateral surfaces was not significantly different ( Figure 5 ), indicating that the initial delivery of the chimeras was not influenced by their ability to bind mLin-7. These results indicated that the mLin-7 PDZ domain ligand does not appear to play a role in direct basolateral protein targeting, unlike many previously identified protein-targeting signals found on basolateral proteins.
The ability of mLin-7 PDZ ligand to act as a basolateral retention signal has already been reported for the mLin-7 binding partner BGT-1 (Perego et al., 1999) . We examined the role of basolateral retention by mLin-7 with our chimeras in a secondary antibody capture assay (Figure 6 ). Because surface biotinylation (Figure 2A ) and initial delivery ( Figure 5 ) experiments indicated that both P75t-Let23WT and P75t-Let23MUT cells lines had a population of receptors present at both the apical and basolateral sides, we chose to selectively label the receptors at the basolateral side and examine their stability of over time. Briefly, cells were chilled to 0°C to halt membrane trafficking and labeled on the basolateral side with anti-P75 antibodies, washed, and then warmed to 37°C in the presence of a secondary antibody conjugated to fluorochromes (capturing antibody) at the apical side. The cells used in these studies had intact tight junctions, consequently the passage of anti-P75 antibody, bound to chimeric protein, from the basolateral to the apical surface cannot occur by diffusion within the plasma membrane. Furthermore, control experiments with untransfected MDCK cells showed that anti-P75 antibodies did not significantly bind to the cell surface in the absence of antigen, nor was there significant nonspecific uptake of the antibody into these cells (our unpublished results). Therefore, the primary antibody bound to chimera protein must reach the apical surface and bind to the capturing antibody after endocytosis and intracellular transit. The latter is feasible because the anti-P75 antibody used in these studies remains stably bound to the extracellular domain of NGFR/P75 under the low pH conditions present in endocytic vesicles (Le Bivic et al., 1991) . As 35 S]methionine for 1 h, and then chased for 3 h with complete growth medium containing antibody to P75 at either the apical (AP) or basolateral (BL) side to capture newly synthesized P75t-Let23 chimera. After washing to remove unbound antibody, the cells were lysed and the lysates subjected to precipitation with rabbit anti-mouse IgG and protein A-Sepharose. Precipitated proteins were separated by 10% SDS-PAGE and quantitated on a phosphorimager. Control precipitations were also performed to determine total labeled chimera protein. Delivery data is expressed as the fraction of captured P75t-Let23 divided by the total P75t-Let23. The experiment was performed in triplicate (n ϭ 3) and the SDs are shown. Figure 6 . mLin-7 retained P75t-Let23WT at the basolateral plasma membrane domain in a secondary antibody capture experiment. (A) MDCK cell lines expressing P75t-Let23WT or P75t-Let23MUT were grown on Transwell filters, chilled on ice, and then incubated for 1 h with HEPES-buffered growth medium containing anti-P75 at the basolateral side to bind P75t-Let23 at the cell surface. After washing to remove unbound antibody, the cells were warmed to 37°C in growth medium containing goat anti-mouse IgG-Texas Red conjugate (the capture antibody, shown in red) at the apical side only. At the time indicated to the left, the cells were washed to remove unbound antibody, fixed and permeabilized, stained with goat antimouse IgG-FITC conjugate (shown in green) to reveal anti-P75 not already bound to the Texas Red conjugate, and examined by confocal laser-scanning microscopy. The panels show Z-sections that have been contrast enhanced for presentation, and the apical (Ap) and basolateral (Bl) sides are indicated. (B) Similar to experiment described in A, but performed with MDCK cell lines coexpressing P75t-Let23WT with Myc-mLin-7WT, Myc-mLin-7N, or Myc-mLin-7PDZ (see Figure 3 for description of mLin-7 constructs). Only the 120-min time point is shown.
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Vol. 12, May 2001seen in Figure 6A , P75t-Let23WT was tightly retained at the basolateral side, whereas P75t-Let23MUT was not and resulted in secondary antibody capture at the apical surface. In the absence of primary antibody, no significant capture antibody labeling was observed (our unpublished results), demonstrating the specificity of this assay.
To confirm that basolateral retention of P75t-Let23WT was a function of mLin-7, cell lines coexpressing Myc-tagged mLin-7 constructs were examined with this technique (Figure 6B) . Cells coexpressing Myc-mLin-7WT demonstrated efficient basolateral retention of P75t-Let23WT (Figure 6B,  top) . However, the mutant Myc-mLin-7 constructs MycmLin-7N and mLin-7PDZ again acted as dominant interfering inhibitors, and significant trafficking of P75t-Let23WT from basolateral to apical was observed by the capture of secondary antibody at the apical surface in these cells (Figure 6B, middle and bottom) . The coexpression of these mutant mLin-7 constructs had no significant effect on P75t-Let23MUT (our unpublished results). These results clearly illustrate that the interaction with mLin-7 stabilized proteins with mLin-7 PDZ ligands at the basolateral plasma membrane.
Still undetermined though was the specific mechanism by which P75-Let23WT sorted to the basolateral plasma membrane domain. Transcytosis and sorting during recycling of endocytosed proteins have both been observed in MDCK cells (Sheff et al., 1999; Leung et al., 2000; Mostov et al., 2000) . We endeavored to determine whether mLin-7 acted during endocytic sorting to effect basolateral targeting, so we selectively labeled that portion of P75t-Let23WT or P75t-Let23MUT receptors at the apical surface and followed their localization over time (Figure 7 ). P75t-Let23WT labeled at the apical side of the MDCK cell monolayer by anti-P75 antibody (T ϭ 0 min) rapidly traversed the cell (T ϭ 30 min) to the basolateral side (T ϭ 60 min) at 37°C, whereas P75t-Let23MUT remained apical after 60 min ( Figure 7A ). The inclusion of nocodazole during the assay inhibited the transit of P75t-Let23WT to the basolateral side (T ϭ 60 min plus nocodazole), indicating that microtubules were required for this activity.
To demonstrate that this phenomenon was not directed by the binding of antibody to P75t-Let23WT, the proteins on the apical side were also labeled with biotin, and labeled chimera protein was collected from the basolateral side with anti-P75 antibody. As seen in Figure 7B , biotinylated P75t-Let23WT was readily detected at the basolateral side, whereas P75t-Let23MUT was not. Altogether, the results of the experiments in Figure 7 argued that mLin-7 was acting at the level of the sorting endosome to deliver proteins from the apical to the basolateral membrane.
To confirm the role of mLin-7 in this endocytic sorting phenomenon, we again used cells coexpressing the Myctagged mLin-7 mutants in the assay described previously for Figure 7A . As seen in previous experiments, Myc-mLin-7N and Myc-mLin-7PDZ acted as dominant interfering inhibitors, significantly impairing the rate of apical-to-basolateral trafficking of P75t-Let23WT (Figure 8, middle and bottom) . The expression of Myc-mLin-7WT did not inhibit the trafficking (Figure 8, top) , and none of the Myc-mLin-7 constructs had significant effect on P75t-Let23MUT in this assay (our unpublished results). These results reinforce the role of mLin-7 as an effector of apical-to-basolateral targeting in the sorting endosome.
Finally, if P75t-Let23WT sorted to the basolateral plasma membrane after endocytosis due to its ability to interact with mLin-7, what was the fate of P75t-Let23MUT? P75t-Let23MUT appeared to be stably associated with the apical plasma membrane in the assay described in Figure 8A , although the intensity of the staining decreased over time (our unpublished results) . This observation, combined with the instability of P75t-Let23MUT at the basolateral side (FigFigure 7 . P75t-Let23WT sorted to the basolateral plasma membrane domain after endocytosis from the apical surface. (A) To examine endocytic sorting, MDCK cell lines expressing P75t-Let23WT or P75t-Let23MUT were grown on Transwell filters, chilled on ice, and then incubated for 1 h with HEPES-buffered growth medium containing anti-P75 at the apical side to bind P75t-Let23 at the cell surface. After washing to remove unbound antibody, the cells were warmed to 37°C in growth medium. At the time indicated to the left, the cells were fixed and permeabilized, stained with goat anti-mouse IgG-FITC conjugate, and examined by confocal laser-scanning microscopy. Nocodazole (20 g/ml) was added to the incubations and washes for the samples indicated. The panels show Z-sections that have been contrast enhanced for presentation, and the apical (Ap) and basolateral (Bl) sides are labeled. (B) Biotinylation-antibody capture: MDCK cell lines expressing P75t-Let23WT (WT) or P75t-Let23MUT (MUT) were grown on Transwell filters, labeled at the apical side with biotin, and then incubated for 3 h with growth medium containing anti-P75 at the basolateral side to capture biotinylated P75t-Let23 chimera. After washing to remove unbound antibody, the cells were lysed and the lysates subjected to precipitation with rabbit anti-mouse IgG and protein ASepharose. The precipitate was separated by 10% SDS-PAGE, transferred to nitrocellulose, and probed for biotinylated proteins with avidin-HRP. Control precipitations were also performed to determine total biotinylated P75t-Let23 (TOT). Relative molecular weight is shown to the left in kilodaltons. An arrow indicates the relevant band. S.W. Straight et al. ure 6A), led to the hypothesis that P75t-Let23MUT was degraded after endocytosis. When the endocytosis assay was performed in the presence of chloroquine, a weak base that served as an inhibitor of vesicle acidification, brightly stained intracellular vesicles accumulated in P75t-Let23MUT, but not P75t-Let23WT ( Figure 9A) . Examination of the Z-series revealed that these vesicles primarily resided in the apical cytoplasm. Similar results were observed with leupeptin, an inhibitor of lysosomal hydrolases, suggesting that the vesicles in which P75t-Let23MUT was accumulating were lysosomes (our unpublished results). Also, intracellular vesicles accumulated after internalization of P75t-Let23MUT, but not P75t-Let23WT, from the basolateral side as well when either chloroquine or leupeptin was present (our unpublished results). These results suggest that P75t-Let23MUT may be targeted to lysosomes for degradation after endocytosis.
This hypothesis was supported by the relative degradation rates of the chimeras. After 35 S-labeling, the amount of mature, radiolabeled chimeric receptor remaining over time was collected by precipitation with anti-P75 antibodies and measured by densitometry ( Figure 9B ). The apparent increase in labeling of mature receptor between T ϭ 0 h and T ϭ 2 h was due to the maturation of radiolabeled, immature receptor present at T ϭ 0 (our unpublished results). Extrapolation from the data returned a rate of degradation for P75t-Let23MUT (T 1/2 ϭ 15 h) almost twice that of P75t-Let23WT (T 1/2 ϭ 27 h). Therefore, the inability of P75t-Let23MUT to interact with mLin-7 results in not only instability at the plasma membrane but also in a relatively high rate of degradation.
DISCUSSION
We have created receptor chimeras that differentially localized in MDCK cells in a manner that correlates with their ability to bind mLin-7 (Figures 1 and 2) . Coexpression of the dominant interfering Myc-mLin-7 mutants Myc-mLin-7N and Myc-mLin-7PDZ provided proof that mLin-7 was responsible for the shift in steady-state localization of P75t-Let23WT from apical to basolateral (Figure 3) . The inhibitory effects of Myc-mLin-7N and Myc-mLin-7PDZ were likely due to the ability of these deletion constructs to compete with endogenous mLin-7 for binding to endogenous mLin-2, or to interfere with the binding of P75t-Let23WT to endogenous mLin-7, respectively (Figure 4) .
Our data argue against the involvement of mLin-7 in the selective delivery of proteins from the Golgi to specific plasma membrane domains, but support basolateral retention of those proteins that bind mLin-7 (Figures 5 and 6 ). Previously, Perego et al. (1997) showed that the carboxyl terminus of BGT-1, which includes a mLin-7 PDZ ligand, contained a basolateral sorting determinant. Subsequently, it was shown that the deletion of the mLin-7 PDZ ligand from the carboxyl-terminal tail of BGT-1 adversely affected the stability of BGT-1 at the basolateral side of MDCK cells (Perego et al., 1999) . In that study, BGT-1 that was unable to bind to mLin-7 was redirected from the plasma membrane into intracellular vesicles. However, the basolateral localization of LET-23 in vulval precursor cells of C. elegans may involve mechanisms beyond simple retention. In lin-10 and lin-7 mutant animals, LET-23 is mislocalized to the apical domain (Simske et al., 1996; Whitfield et al., 1999) , which suggests a defect in specific trafficking to the basolateral plasma membrane domain.
A possible explanation for the findings in C. elegans comes from our data. We found that, in addition to acting as a basolateral retention mechanism, mLin-7 binding also regulates the sorting of internalized protein to the basolateral plasma membrane or, in the absence of mLin-7 binding, to a degradative pathway (Figures 7-9 ). The three fates of endocytosed proteins are segregated by discrete compartments: fluid phase markers and components destined for degradation in lysosomes are set aside in the early endosome; the Figure 8 . Overexpression of Myc-mLin-7 deletion mutants interfered with the basolateral sorting of P75t-Let23WT. These panels depict the results of an endocytosis experiment similar to that described in Figure 7A , but performed with MDCK cell lines coexpressing P75t-Let23WT with Myc-mLin-7WT, Myc-mLin-7N, or Myc-mLin-7PDZ (see Figure 3 for description of mLin-7 constructs). The panels show Z-sections at time 0 and 120 min, and the apical (Ap) and basolateral (Bl) sides are indicated.
Vol. 12, May 2001common recycling endosome is responsible for recycling back to the surface of origin; and the subapical recycling compartment governs transcytosis to the opposite surface (Luton and Mostov, 1999; Leung et al., 2000; Mostov et al., 2000) . The formation of the common recycling endosome and the transfer to the subapical recycling compartment both require microtubule networks (Luton and Mostov, 1999; Leung et al., 2000) .
Apical internalization of P75t-Let23WT resulted in trafficking to the basolateral side in a process that required microtubules ( Figure 7A, bottom) , indicating the requirement for the common recycling endosome and/or the subapical recycling compartment in this activity. The MycmLin-7 mutants Myc-mLin-7N and Myc-mLin-7PDZ again interfered with the activity of endogenous mLin-7, and slowed, but did not abolish, trafficking of P75tLet23WT from apical to basolateral (Figure 8 ), indicating that the trafficking was dependent on mLin-7. Although the mutant proteins were efficiently expressed ( Figure 4A ), the amount relative to endogenous mLin-7 might not have been sufficient to completely prevent interaction with endogenous proteins. A further indication that relative protein stoichiometry may be important to this process comes from the fact that apical-tobasolateral sorting was not complete for P75t-Let23WT (Figure 7A) , unless excess full-length mLin-7 was present (Figure 8, top) . It is possible that receptors reaching the basolateral side may not remain there due to an insufficient amount of mLin-7 or its binding partners.
Finally, the presence of P75t-Let23MUT in intracellular vesicles after treatment with chloroquine or leupeptin was consistent with segregation of P75t-Let23MUT to lysosomes, and was corroborated by the increased rate of degradation for P75t-let23MUT relative to P75t-Let23WT (Figure 9) . These results parallel the activity of the PDZ-domain containing protein EBP50 on the trafficking of the ␤2 andrenergic receptor (Cao et al., 1999) . Binding of EBP50 to the carboxyl terminus of the ␤2 andrenergic receptor resulted in recycling of the receptor to the plasma membrane, whereas inhibition of this binding resulted in lysosomal degradation of endocytosed receptor.
In summary, our results suggest a unique dynamic role, as well as a previously identified static role, for the mLin-7 PDZ domain in basolateral protein targeting. The following model is proposed to accommodate these two distinct roles: 1) Proteins that bind mLin-7 may or may not be delivered to the basolateral plasma membrane via interaction with mLin-7 or other effector proteins. 2) Upon internalization, mislocalized proteins at the apical side are actively sorted to the basolateral side through binding to mLin-7 in the endosomal pathway. 3) Finally, once target proteins reach the basolateral side, they may then be selectively retained by their ability to bind mLin-7.
Similar dual roles in protein targeting have been identified for PSD-95, a MAGUK superfamily member related to mLin-2 (Fanning and Anderson, 1998; Fanning and Anderson, 1999) , which functions as a scaffold to anchor Shakertype K ϩ channels and N-methyl-d-aspartate-type glutamate receptors at the synapses of neurons via PDZ domain interactions (Kornau et al., 1997; Sheng and Wyszynski, 1997; Craven and Bredt, 1998) . Recently, El-Husseini et al. (2000) demonstrated that PSD-95 was also a vesicular protein that migrated dependent on microtubules, implying that PSD-95 was not merely a static cytoskeletal element, but may also participate dynamically in postsynaptic ion channel clustering.
Several important questions remain: First, can a specific compartment be defined for the activity of mLin-7 during sorting? Are the mLin-7 binding partners, mLin-2 or any of the related PALS (Proteins Associated with Lin Seven; ), also present within the sorting system, or do they simply act as anchors at the plasma membrane? Previously published data showed that mLin-7 and mLin-2 coprecipitate in both membrane-bound and cytosolic fractions of epithelial cell lysates , indicating that pools of this protein complex exist in the cytoplasm and might represent the portion present within the sorting pathway. Logically, this compartment should also contain P75t-Let23WT, but not P75t-Let23MUT, providing a convenient marker for isolation in future experiments. 35 S]methionine was determined by immunoprecipitation with anti-P75 antibody. Chase time in hours is shown on the x-axis, and the amount of labeled protein remaining (determined by densitometry) is shown on the y-axis. Negative control precipitation by using anti-Myc antibodies at T ϭ 0 h is indicated as CON.
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It is also possible that the binding of the mLin-7 PDZ domain to target proteins is a regulated event. For example, the phosphorylation of the carboxyl terminus of the ␤2 andrenergic receptor disrupts binding to the PDZ domain of EBP50, acting as a switch between basolateral recycling and lysosomal degradation of the receptor protein (Cao et al., 1999) . Furthermore, many steps within the trafficking of transport vesicles involve Rho-or Rab-GTPase proteins (Leung et al., 1999; Sheff et al., 1999; Ellis and Mellor, 2000; Jou et al., 2000) and phosphatidylinositol 3-kinase is known to modulate vesicle fusion (Patki et al., 1997; Simonsen et al., 1998; Lawe et al., 2000) . mLin-7 or mLin-2 might interact with a critical effector protein of one or more of these regulatory events. The answers to these questions will have to await the identification of other partners of this protein complex.
